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FOREWORD "

These studies are a continuation of a project designed to
investigate the physiological reflection of environmental change on a
group of algae of diverce characteri'tics and taxonomic position. This
is pe;rt of an overall program concerninj the relationship of structure
to function with specific reference to locations and roles of
photoactive pigments.

Many different photosynthetic organisms successfully coexiEt in
nature and the demand for these organisms as research tools has greatly
increased in the past few years. This expanded interest has male it
important to understand physiological ada:.ation of the living unit to
environmental change. Yet, although the diversity of algae has led to
many specialized investigations, only a limited number of algal. types
have been studied.

With reference to the specifi.. area covered by this report, there
are few standards on which to base experimental designs. Results are
often biased by inadequate control of the test organism since in many
cases algae are only "treated" with illumination of various wavelengths.
Little is known of the actual effect of light quality on the potential
levels of processes involved in algal physiology.

The work cuvered in tiis report was performed by the Chales F.
Kettering Research Laboratory, Yellow Springs, Ohio under Contraict
Number DA 19-129-AMC-565(N). Dr. Thomas E. Brown was the Official
Investigator.

The U. 1. Army Natick Laboratories' Project Officer was Mr. Robert
0. Matthern. The Alternate Project Officer was Dr. Mary Mandels.
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ABSTRACT

Seventeen species of algae representing ten taxonomic divisions
were individually grown In white light and light of nine aý,,parate 10 nm
bandwidths corresponding to the major absorption peaks of nrtown
photoactive pigments. Energy levels of the incident light were
equalized through the entire series, approximating 15,000 c rgs cm 2

sec"1 . Measurements of growth, pigmentation, photosynthe.i'l,,
respiration, and where possible, morphology and structure were made
following seven to ten days continuous exposure to the ligV regimes.
The rates of photosynthesis and subsequent respiration werm.e determined
using the same full lighc regime as for growth. Light enharcement
characteristics and wavelength requirements are shown for tiese
parameters and compositions of specific illuminatiwa source,'ý are
suggested.
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Introduction

The problem, as advanced in the Forward, is that of a lack of inforaation

surrounding physiological effects of environmental change. Light(duration,

intensity, and quality), being the most important factor in the success of

photosynthetic plants, is of primary concern. Earlier (10) we showed the in-

fluence of light intensity on the physiology of algae and a logical sequal was

a study of the effects of light quality. The final results of such a study are

reported here.

The objectives of this program are to prcvidk information which can be

use4A to standardize handling techniques for algae and to serve as the substrate

on which experimental designs can be based. The information gained through'

light quality effect studies can be used in many ways:

1. to determine specific light requirements of measured parameters for

individual algae.

2. to denote the biological significance of light absorbed by the different

pigments.

3. to control algal •-Lsponse in specified areas.

4. to act as a guide In devell-ing efficient illumination sources for use

with specific piguic•at types or gruurs of algae.

The algal species chosen (Tab. I) ,ire picked both for ease in handling and

to represent differing pigment compositions since changes due to light must come

about via light absorbing molecules. Specific absorption maxima for given pig-

ments will vary between algal species and with culture conditions. The inter-

ference filters chosen for this work (Tab. II) were a beet compromise anti-

cipating these fluctuations.

Although published studies indicate considerable interest in effeI:ts of

light quality on algal physiology, few direct comparisons have been made between

specl-'. The current %tudy attempts to fill this gap.



Table I

Algal Syscies Stadied

Division Name Color and Form

Bacillariophyta Nitzschia closterium golden, unicellular

Cnlorophyta Chlorella pyrenoidosa green, unicellular

Chlorella 7-11-05 (C. sorokiniana) same

CLlorococcum wimmeri same

Chlamydomonas reinhardi same, motile

Chrysophyta Ochramonas danica golden, unicellular,
motile

Cryptophyta Cryptomonas ovata brown, unicellular,
motile

Cyanophyta Gloeocapsa aspi•cola blue, unicellular

Phormidium lurium blue, filamentous

Phormidium persicinum red, filamentous

Euglenophyta Euglena gracilis green, unicellular,
motile

Phaeophyta Sphacelaria sp. dk. brown, branched
filamentous

Pyrrophyta Amphidinium sp. graybrown, unicellular,
motile

Rhodophyta Porphyridium aerugineum blue, unicellular

Porphyridium cruentum red, unicellular

Xanthophyta Botrydiopsis alpina green, unicellular

Tribonema aequale ellow green, fil°rn-ntoui



Table II
U

Transmission of interference filters and corresponding

major absorbing pigments

Transmisiion Major
peak nm absorbing pigments

405 Carotenoids

44o Chlorophyll a

520 Astaxanthin

54o Fucoxanthin-Peridinin-Phycoerythrin

560 Phycoerythrin

620 Phycocyanin

"• 630 Phycocyanin-Chlorophyll c

640 Chlorophyll c

650 Chlorophyll b

670 Chlorophyll a

710 Far red chlorophyll et.ql. forms

White

2" x 2" Baird-Atomic, Inc. blocked against infra-red

Used with Chlorococcum wimmeri only

m One or the other used depending upon algal species

3!



The following paragraphs cite and briefly describe the wrnk of others pertinent

to the subject area of this paper.

The influence of l!Aht muality on. growth.

Many studies of individual algae have been made which sought the effects of

wavelength on growth or cell division. Two studies, typical of these, spanning

thirty years of investigation are Meier with Sttchococcus .bacllaris (31) and

Kowallik with Chlorella (27).

The influence of light quality on pigments and pig5ent composition.

The visible tendency of some algae to chromatically adapt to differing

qualities of light has been the cause of many studies concerned with pigmen-

tation as light.

The works of Brody and Enerson (6) and Brody and Brody (7) show the changes

in phycoerythrin/chlorophyll a ratio of the red alga Porphyridium cruentum when

grown in various wavelengths of light. They suggest thathe thalli of red algae,

freshly harvested from their natural habitat, are relatively equivalent to green-

light grown material (7). Although the resulting change in pigment composition

speaks against classical chromatic adaptation, intensity of illumination must

be considered (6).

Karlander and Krauss (24,25) studied Chlorella ,v!, aris grown in monochro-

matic light and found stimulation of pigment formation but not of growth, in

comparison with dark grown controls. Apparently no comparison was made with

cells grown in white illumination. Based on nutritional requirements, there

is considerable difference between Chlorella species (36)o This can be seen,

in the present paper, to extend to wavelength response even though pigment

compositions are essentially the same.

Although their test material was wheatroots, it is of interest to mention o

the work of Bjorn, et al (4) with wavelength response. Formation of chlorophylls

a & b as well as cell length and number are correlated with wavelengths of
-4-



irradiance. This is coupled with controls exposed to white illumination and

dark. The effccts appear to be exaggerated Chlorolla responses.

With respect to blue-green algae, Hattori and Fujita (18) and Fujita

and Hattori (15) have shown that, following strong white pre-illumination,

chromatic light can direct the composition of pigments in Tolypothriz tenuis.

They also show the order of wavelength effectiveness. Although the positive

evidence presented here for clromatic adaptation is in opposition to the

findings of Brody and Brody with Porphyridium cruenttun (7), the methods used

were significantly different. In addition, Jones and Myers (23) show that

large changes in the Chlorophyll !/phycocyanin ratio of Anacystis nidulans

can be produced by quality control of illumination.

The influence of light quality on photosynthesis and C fixation.

The most general phenomena with respect to wavelength influence on photo-

synthesis is that of the inrfficient use of light absorbed by-the red maxima

of chlorophyll a. This anomoly has been discussed by Franck (14). Discussions

of pigment-photosynthecis response to wavelength of illumination together with

action spectra of photosynthesis by individual algal species, are scattered

throughout the literature. Typical of the former is a discussion of Cyanidium

caldarium response (MB.'Allen, 1) and of the latter, the photosynthesis action

spectra of Ulva lactuca and Trailliella intricata (Halldal, 17) and of several

marine species (Haxo and Blinks, 21).

Concerning C fixation, Cayle and Emerson (11), using Chlorells, found

that greater specific activities in amino acids occurred with blue illumination.

Hauschild, Nelson and Krotkov. more thoroughly investigated this effect (19)

and found that it is specific for blue light affecting both the rate of photo-

synthesis and the path of carbon whether it is given before or during the

period of Ps measurement (20).

- a -



The influence of light quality on the enhancement of photinmthesis.

Thus far, all algal species studied for enhancement of photosynthesis, have

not shown this phenomenon. Failures are unexplained except for the suggestion

by McLeod (34) that it is due to adverse cell prehistory. Nevertheless vith

three different growth stages of Chlorella pyrenoidosa and C. vulgaris, he

found enhancement but not with Amphora exigua, Navicula an me. or Ochrmonas

s_. Sovindjee and Rabinovitch did find that Navicula mirA exhibited en-

hancement (16). At low light intensities, McLeod (33) was able to show

enhancement for Phormidium Dersicineum and Botrdiopais a. n. The list

of species exhibiting Ps enhancement has been increased by Fork (13) to in-

clude Cryptopleura cris.a, Drouetia rotata, Endarachne bingbamiaeL Porphyra

perforata, and Ulv. !Z. With some of these)enhancement in slight causPA

probably by the thick thalli of the multicellular marine formse

The general mechanism of enhancement (as exemplified by Chlorella) has

been elaborated by Myers and Graham (32) following the earlier observations

of Emerson and Chalmors (12).

The influence of light quality on metabolic products.

That metabolism and the resulting products can be significantly altered by

growth in different wavelengths is shown in the case of protein production by

Chlorella pyrenoidosa (Kowallik, 28). In this instance, blue light (450-

490 nm) provides the greatest enhancement of protein production.

The influence of light quality on respiration.

It was stated earlier, based on work with Chlorella, that% "No evidence

for photostinclation of oxygen uptake was obtained in any experiment where

photosynthesis was uninhibited", (A.H. Brown, 8). Since then light stimulated

respiration of algae has been shown by several workers. Kowallik (29,30)

recently produced action spectra for light enhancement of respiration of a

yellow mutant of Chlorella vulgaris indicating blue illumination the most

-6-
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effective. Karlander and Krause (26) have shown a light requlrei.nta for

heterutrophic growth of the same speciaa, In addit.ion, Vidarer (37) has

shown a similar action spectrua for Ulva lobata which he relates to pi"sunt

On the other hand, Hoche et al (22) have shown an inhibitin of =noen

uptake in Apnayti* uiidulas vhich is wavelength dependent.

-7
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Apparatus and Methods

The experimental design included duplicate measurements in addition to

complete duplication of each growth series. Therefore a four-fold dupli-

cation of Individual measurements were made for each alga.

A. Maintenance culturiig:

Agar slants and liter liquid cultures of each alga were continuously

maintained (Fig. 1,2). If supplementary gassing was necessary, algie were

grown in 2800 ml low-form Pyrex culture flasks with built in side arm a-d

gassing tubes, otherwise either 2800 ml Fernbech or two lite: wide-mouth

Erlenmeyer flasks were used (Fig. 3). Cultures vere agitated on platform

shakers illuminated from below by Westinghouse daylight fluorescent lamps

with intensity controlled by neutral plastic screening. The temperature

was held at 250 C. by baffled roan air conditioning units. Growth atmo-

spheres of either 1 or 5 percent CO in air were provided from high pres-2

sure tanks premixed to an accuracy of > 0.1 percent. Culture media,

conditions of culturing and sampling data are indicated on the culture

sheets for each alga. "Soda bar" arrangement for media preparation is

shown in Fig. h4

B. Mon.ochromatic light culturing:

No single, practical source of illumination was found which could allow

continiuous operation (7-14 days) at high intensities through the entire

visible spectrum. Therefore, two soueces and two polychrnators were

designed:

I. Source for blue and green wavelengthi: GE A-H6 high pressure

mercury lamp, water cooled.

2. Source for red wavelengths and white light: GE DGH 750 W pro-

jection lamp, air cooled.
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The polychromators and accessories (Fig. 5,6,7) allowed wavelength iso-

lations and provided gassing facilities and aggitation with magnetic stirrers.

Since decay of the mercury lamp was more rapid than the tungsten source, the

latter polychromator was geared through an automatic variable resistance

coupled with photosensors to allow artificial decay at the same rate thereby

continuously equalizing the light intensities during the full experimental

run. Initial intensities were equalized by use of neutral density filters

and varying distance from the light source. Absolute intensities and in-

tensity moniitoring wes accomplished by the use of a Y.S.I.-Kettering Radio-
-2 -1

meter (Y.S.I. Model 65). This instrument reads directly in ergs/cm sec.

independently of wavelength (see Fig. 11). Wavelengths vere segrogtted by

use of interference filters listed in Table II.

Custom made, (Kontes) 500 ml flasks were inoculated from maintenance

cultures, These flasks were desig'1 ed with flat sides for illumination,

a well to house a magnetic stirring bar and gassing tubes separable for

ease in cleaning (Fig. 3,8). The algae were grown with contiiuous stirring,

and if needed. gassing in monochromatic and white light of equal energies

incident on the samples. The period of time chosen allowed several

generations to occur in the moderately growing samples yet without allowing

either toeheavy growth in the rapidly gr-"Ing samples, or cell breakdown in

tht slow or ioa growing samples, All strains were grown at 75 0 C.

Growth was ascertained both by cell counts and packed cell volumes.

Cý'! counts ".ere made using a Coul..ýr Electronics Model B Counter (Fig. 9).

Packed cell volumes iere found using 3 ml aliquots in graduat%• Bauer anc.

'ctenk cerebrospinal protein certrifuge tubes (:'ig. 3). CentrAfugatior. to

constant volume was asccr-[i shed at i900 x for týO min.

Pigment doterminatior:

A. Sgectroscopy:

Absorption spectra were obtmines with a Cary ',' recordirn .'yctroohoto-

meter equi--ed with scatter attaciferA k'Kig. i ', 4esults Using th.s unit



0

44

0

:3

ow d-=



00

JJ

4)

'41

14.4



06

00
06



Figure 8: Flack Arrangement for Exposure of Algae to Monochromatic Liiht
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compared with those of other methods are describ _..er and Park (35)

and the advantages discussed. Relative pigment contea1t was determined

by measuring absorption peak heights and subtracting bac1hgrond absorption

at 740 rm. This technique is similar to that used by Brody (5). Samplea

for pigment determination consisted of whole ce: . centrifuged from their

media and resuspended in distilled water or in 1 M sucrose (for rapidly

settling cells). Specific densities used are noted on the culture sheets

for each alga. A ten mm light path was consistently used.

B. Chromatography:

As an assist to determine alterations in pig' t '.,mpositon,

thin layer chromatographic analysis was routinely .-un for each sample.

For qualitative separation1 pre-layered Eastman Koda.. Co, Type K301R2 sheets

were used (silica gel G without fluorescent indicator). For prep&rative

chromatography, glass plates were layered with 250 m/U silica gel G. In

a few cases BRinkmann pre-activated chromatotubes were used.

Procedure,

1. Separate cells :ram media by least force and time necessary.

2. Rinse cells with distilled water and centrifuge as above.

3. Resuapend in boiling methanol (10 ml/25 :i cells),

4. Centrifuge and repeat methanol extraction if cells are not clear.

5. Evaporate total supernatent to 1-2 ml.

6. Dilute and rinse with a minimal volume of acetone.

7. Apply to substrate.

8. Develop with Petroleum ether: Benzene: Acetone: E1.yl acetate

(3:2:1:1).

Photosynthesis and Respiration measurements:

The rates of photosynthesis and -espiration were determined using t,,e

same regime of incident light which was used for growth of the particular

20



alga. The light energy for these measurements was equalized at 12,000 ergs

cm sec"I by neutral density filters and checked with a Radiometer as

previously described. The: measurements were made at 25 0 C, using a Gilson

Medical Electronics Model K Oxygraph which was adapted for use with a Y.S.I.

No. 5331 Clark polarographic type oxygen probe (Fig. ii). Use of this

teflon membrane prcbe allowed measurements in growth media without the

poisoning effect which occurs with the Gilson naked platinum electrode.

A plastic cell and twin light units were designed to allow exposure of

algal sanples to light of single or two simultaneous wavelengths (Fig. 12).

The illumination sources were 150 W GE type 1958 lamps. Generally each

series required the use of new lamps. As with growth, wavelengths were

segregated by interference filters listed in Table II.

Samples consisted of whole cells centrifuged from their growth medium

and resuspended in 2-3 ml fresh medium at densities indicated on 'he in-

dividual culture sheets. A partial, typical, Oxygraph tracing is shown

in Fig. 13. Measurements were made on two aliquots of each growth condition

alternating respiration (dark) w"th photosynthesis (light) through The

entire series of wavelengths and white light. The sequence of wavelengths

was reversed for the second aliquot.

Cell Modifications:

A. Cell volume (size):

Alterations in cell volume were determined through use of the Coulter

Counter with attached volume distribution plotter. A typical tracing is

show.i in Fig. 14. Microscopic examinatioas of each sample were made and

observationv recorded, to ascertain any gross structural changes. if

changes were observed color photomicrographs -:;ere taken using a Zeiss

Ultraphot Ii. Electron microscope examination of the lamallae of the

photosynthetic apparatus has not yet been possible.

-21
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Figure 12: Closeup of Cell and Probe for Illumination of Algae with One1
or Two Wavelengths of Light During Photosynthesis and
Respiration Measurements
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Results and Discussion

Results for 15 individual algal species have been presented in progress

reports 1,2 and 3. The current (final) report contains data for two addi-

tional algae plus summary tables of results in each measurement category

for all species. Lastly, tangential studies which have grown out of this

program are discussed.

Chlorella sorokiniana (7-11-Cf)L/

This species of Chlorella is similar to C. pyrenoidosa except that it

has a higher temperature tolerance. Both species exhibit physiological

activity in light absorbed by chlorophyll b (650 nm) comparable to or ex-

ceeding that in light absorbed by chlorophyll - (680 tm). In line with

the current measurements, the greatest difference found between the two

species is the greater growth response of C. s.n'-okiniana to 640 nm light

(Fig. 15, Tab. III).

With C. sorokiniana, the synthesis of both ch1crophylls a & b appears

to be enhanced with illumination absorbt: by chlorophyll b alone (Fig. 16,

Tab. iII). Absorption spectra (Fig. 17) show also that cells grown in il-

lumination of 650 nm more nearly match (in terms of pigmentation) those

grown in white light than do cells grown at 680 = .

* pattern of photosynthesis -ates is typical for green algae (Fig.

18, Tab. IV). Respiratior. rates clearly show a wavelength dependence and

will be discussed later. While white light grown cells show little or no

respiration response to wavelength of illumination, th'e wavelength adapted

samples exhibit a wavelength dependency (Fig. Ib, Tab.V.).

Nitzschia closterium:

The pigmentation of N closterium, typicai for diatoms, is dominated

" U., fucnxantrn. However, in t-r-s of growth, synthesis of pigments, photo-

synthesis and respiration, fucoxanthin aiparentiy plaji a direct role of



Figure 15: Growth of Chlorella sorokLnana as a Function of the Wavelength
of Light Used for Growth Illtination
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Table III

Grovth and pigmentation data for Chlorella sorokiniana (7-11-05)

as a function of the wavelength of light

used for growth illumination.

Inoculum: 0.1 ul packed cells/ml

Incident energy; 11,500 ergs cm"2 sec" 1

Energy absorbed: ergs cm-2 sec 1 taken at 162 hours

Run time in hours: 228

Pigmentation: Optical densities of s'spensionsl having a density of 1 .' packed

cells/mi

Growth Packed Cell ct. Pigmentation
illum, energy ýeli vol. per •i Chl. a Chl. b 676/

(nm) absorbed ul/Ml (x 10Q) 676 n; 654 ra 654

405 refrac- 0.32 280 0.50 0.35 1.43
tion

440 0.20 603 0.79 0.58 1.36
of

540 0.12 329 o.61 o.41 1.49
media

560 and 0.18 746 o.62 0.41 1.51

620 density 0.32 1198 0.60 0.40 1.50
of

640 cultures 0.53 2176 0.62 .).42 1.48
in

650 validated 1453 0.70 ).45 1.56

680 result-- 0. 4 1573 o.63 0.39 1.62

710 0.08 776 0.68 0.46 1.48

White 0.29 947 0.70 0.49 1.43

- 28-



Figure 16: Content of the Major Photoactive Pigments of Chlorella
sarokiniana as a Function of the Wavelength of Light Used for
Growth Illumination
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Figure 18: Comparison of Photosynthesis and Respiration Rates Between
White-Light Grown and W&velength-Adapted Chlorella sorokiniana.
Wavelength Adaptation Refers to Growth and Process Ieasurement
at the Same Wavelength of'Simultaneous or Prior Illumination
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Table IV

Photomthesis

Oxygen evolution with Chlorella sorokin.6ana as a fumction of the vave-

length of light used for growth and subsequent aessurment of photosynthesis

rates.

Wh. 6.6 8.2 7.8 5.5 6.1 5.3 6.7 4.6 4.9 7.8

710 2.1 3.1 2,8 2.7 1.8 2.0 2.2 i.ý l.4 3.0

•, 680 13.2 16.7 15.6 15.1 12.4 13.2 12.6 11.1 11.6 17.0

S650 14.8 12.9 12.5 10.8 10.8 10.5 7.8 8.2 14.2

S64,0 11.2 14.8 13.0 12.0 lO.8 9,4 9.8 T.7 8.2 15.0

s 620 9.4 13.2 10.7 9.0 8.6 9.1 9,0 6.6 6.7 12.8
-4

3 560 5.6 8.1 5.5 4.9 4.7 4.6 4.5 3.2 3.8 7.9
43
U

54o 4.6 6.6 4.5 4.2 3.8 3.6 3.6 2.2 2.6 5.9
0
s, 44o 7.2 8.4 8.0 7.0 5.2 5.4 5.3 4.7 4.2 7.3
0
-4

S405 5.2 6.8 6.2 5.6 3.8 4.4 4.5 3.3 3.3 6.2

405 44 540 560 620 640 650 68o 710 Wh.

Growth illumination (zm)

-32 -



Table V

Respiration

(ChloreC.1 a sorokiniana)
Oxygen uptake as a function of the wavelength of light used for growth

and illumination immediately prior to respiration measurement.

4l Oxygen/hour/ml packed cells (x 103)

Wh. 3.6 6.3 4.8 4.6 4.2 4.0 6.6 5.6 4.8 5,9

'- 710 3.5 6.0 4.6 5.0 3.5 3.6 6.3 5.0 4.5 5.8

• 68o 4.1 5.6 4.6 5.5 3.8 5.1 6.7 5.9 5.7 5.9

S650 4.0 5,7 4.5 5.5 3.9 4.5 6.7 5.7 5.1 6.0

S640 4.0 5.8 4.8 5.5 3.9 4.4 6.4 5.4 4.8 5.9

, 620 4.0 5.6 4,4 5.3 3.7 4.2 6.5 5.3 4.6 6.0

- 560 3.8 6.7 4.1 4.9 3.4 3.8 6.1 5.1 4.5 508

S540 3.7 5,6 4.2 1.0 3.4 3.5 6.2 4.1 . 5

440 4.0 5,7 4.5 5.5 3.7 4.0 6.5 5,6 . 5z

o 405 3.6 5.7 4.6 - ' 3.5 3.8 6.3 5.4 E, zh

405 440 540 560 620 640 65C 680 710 Wh.

:rowth illumination (nm)

S33-



little or no significance. Chlorophyll c, although present in only small

amounts, is of greater importance.

Growth response to monochromatic illumination is maximal in light

absorbed by chlorophylls a and c with the former being of greatest sig-

nificance (Fig. 19, Tab. VI). A comparison of packed cell volume and

cell count curves show that cell division is more strongly influenced

by wavelength than cell growth.

Although pigment synthesis is maximal in light absorbed by chlorophyll

c!F~gs. 20,21, Tab. Vi), the response of both photosynthesis and respira-

tion to monochromatic light is maximal in light absorbed by chlorophyll

a. Response to white illumination is remarkably poor (Fig. 22, Tabs.

VII and VIII).

Summation of results for 17 algal species:

Tables IX and X summarize growth response to monochromatic light

as influencing packed cell volume and cell count. Maximum rates are

noted in both cases. In general, blue illumination appears to be of

significance only with the algae containing chlorophyll a alone or

chlorophylls a & b as the major pigments. The dominance of

phycocyanin , phyoerythrin and chlorophyll a is readily apparent.

Chlorophyll c is important in growth response but the involvement of

fucoxanthin is questionable.

With respect to pigmentation, Tables XI, XII and XIII summariz,.

the effects of the growth regimes. Blue wavelengths are found to be

of particular significance ii seven instances while growth in white il-

lumination is adequate for pigmentsynthesis in four cases.

In only two cases did 680 nm light (absorbed by chlorophyll a)

significantly enhance pigmentation even chlorophyll a itself. This,

again, points up the general. lack of efficiency with which light absorbed

by chlorophyll a is utilized.

34
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Table VI

Grovth and pigmentation data :or Nitzschia cloiteriu,

as a function of the avTelength of light

used for grovth illumination.

Inoculum: 0.4 4l packed cells/mi

Incident energy: 12,750 ergs cm. sec

Energy absorbed: ergs cm-2 sece1 taken at 188 hours

Run time in hours: 240

Pigmentation: Optical densities of suspensions having a density of 5 ul packed

ells/ml

Growth Packed Cell ct. Pigmentation
ilium, energy cell vol. per ml 674 632 532 674/ 674/

(nm) absorbed Ui/ml (x 103) Chi. a Chi. c foex. 632 532

405 1.30 1.16 656 .34 .14 .23 2.43 i.48

440 .95 1.24 748 .48 .18 .31 2.67 1.55

540 .85 .94 361 .26 .11 .16 2.36 1.62

560 1.05 1.o4 676 .34 .14 .20 2,43 1.20

620 .55 1.12 775 .30 .oi .18 2.73 1.67

630 1,15 1.32 2016 .68 .24 .34 2.83 2.00

64o .85 1.37 1990 .44 .1T .2T 2.59 1.63

650 1.23 1.65 2910 .64 .25 .38 2.56 1.68

680 .98 1.60 3232 .54 .20 .31 2.70 1.7l4

White .20 1.06 794 .39 .16 .24 2.44 1.62

-36-
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Figure 20: Content of the Major Photoactive PiMents of Nitzschia
closterium as a Function of the Wavelength of Light Used for
Growth Illumination
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Figure 21: Selected Absorptiou Spectra of iqual DmbLty lsole Cell Water
Suspensloun of ,Nltseckil cloeterlu, Orom is Inmoebrovatfc or
White Illumination

1.44

1.3 630nm

1.2

>: 0.9-
t1-

zLJ 0.8 680r.m

-. 1 680

0 0.6

0.5-

0.4-

0.2/

0.1 White

400 500 600 700

r M

38



Figure 22: Comparison of Photosynthesis and Respiration Rates Between
White-Light Grown and Wavelength-Adapted WitsochLg closterium.

Wavelength Adaptation Aefers to Growth and Process Measurement

at the Sane Wavelength of Simultaneous or Prior Illl-iLaticn
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Table VII

Photosynthesis

Ozygen jvolution with Nitzschia closterium as a function of the wave-

length of light used for growth and subsequent measurement LX photosyithesis

rates.

ul Oxygen/hour/ml packed cells (x 10 )

N White 2.0 2.3 1.2 1.1 1.5 2.6 2.1 3.2 2.6 1.5

S680 3.7 4.6 2.3 3.0 3.4 5.6 4.5 7.2 5.5 3.3

"650 2.4 3.2 1.4 1.8 1.9 3.9 2.6 4.6 3.4 1.9

S64o 2.4 3.4 1.4 1.9 2.1 3.9 2.7 4.7 3.6 2.1

630 2.3 3.5 1.4 1.9 2.1 3.8 2.8 4.4 3.5 1.9
IS
0 620 2.3 3.1 1.2 1.8 1.9 3.3 2.6 4.5 3.2 1.8

S560 1.8 2.4 1.0 1.4 1.3 2.7 2.1 3.5 2.2 1.5
U

S540 2.2 2.9 1.1 1.6 1.8 2.9 2.3 3.8 2.8 1.8
0

0 44c 2,5 2.9 1,4 1.8 2.1 2.8 2.8 .5 2.9 1.8
-4

405 1.8 2.1 0.9 1.5 1.3 2.1 1.8 2.3 1.9 1,4

405 n 54o 56o 620 L30 64o 650 68o White

Growth illumination (nm)

40 -



TUble VIIT

Re spirat ion

(Njtscia closterium)
Oxygen uptake as a function of the wavelength of light used for gro-Wth

and illumination immediately prior to respiration measurement .

ul Oxygen/hour/mi packed cells (x 103

SWhite 1.1 1.3 1.3 1.1 0,9 1.8 1.6 2.5 2.1 1.4

680 1.1 1.3 1.3 1.3 1.0 1.9 1.6 2.7 2.1 1.4

S650 1.0 1.4 1.3 1.3 1.0 2.1 1.6 2.6 2.2 1.5

S64o 1.1 1.4 1.2 1.3 1.1 1.8 1.6 2.6 2.2 1.5

S630 1.0 1.4 1.2 1.3 1.1 1.7 1.7 2.5 2.2 1.3

e 620 1.1 1.4 1.2 1.4 1.0 1.6 1.7 2,7 2,2 1.4

S560 1.1 1.4 1.2 1.5 1.0 1.8 1.7 2.7 2.1 1.5
4-)

W 54o 1.1 1.) 1.2 1.5 1.2 1.6 1.7 2,5 2,2 1.5
0
$ 44o 1.i 1.5 1.3 1.5 1.2 1.8 1.9 2.4 2.1 1.6
o
S405 1.2 1.6 1.3 1.6 1.1 1.7 1.8 2.3 2.2 ,.6

405 440 540 560 620 630 64o 650 680 white

Growth illumination (nm)

4'
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Pigment ratios are not stable even with respect to that of Chlorophylls a & b.w -.

Pigment amounts vary independently of each other each with its own dependence

upon wavelength.

Since photosynthesis and respiration were measured using several wave-

lengths of light with each sample of several growth regimes, suimnation of

data becomes cumbersome. TV.bles XIV and XVI provide the data for species

grown and measured in the same wavelength; tables XV and XVII show the three

highest values for Ihotosynthesis regardless of wavelength combinations

and the highest and lowest values for respiration. Maximum rates of res-

piration and photosynthesis do not coincide. Comparing tables XIV and XV,

it can be seen that considerable enhancement of photosynthesis occurs

through growth at one wavelength and measurement at another as opposed to

growth and measurement at the same wavelength-regardless of that wave-

length. The pattern of this enhancement appears to be that of measurement

at wavelengths lOrger than the growth illumination rather than the reverse.

The major exception to this is Phormidium persicinum whose pigmentation is

dominated by phycoerythrin and contains only a trace of phycocyanin, In

general the reverse pattern is true for maximum rates cf respiration,

being provided by measurement at wavelengths shorter than those of growth.

Maximum rates for the various algal types were found as follows:

Chlorophyll a & b containio growth at 440 measurement 680

Chlorophyll c containi - growth at 630 measurement 680

Phycocyanin containing - growth at 620 measurement 620-650

Fucoxanthin contain" - no correlation to pig. absorp.

The effect of continued exposure to sonochromatic light.

Due to the significant variation of pigmentation in Gloeocapsa alpicola,

a series of sub-cultures vf set up in 680 n '1'umination. Fig. 23 shows

that such additional sub-culturing and continued exposure to chlorophyll a

48"
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absorbing light, enhances production -f phycocyanin while reducing chloro-

phyil a. Subsequent sub-cultures lead to an apparent "fatigue effect" and

reduction of both of these pigments. It is Judged l..hat there is a critical

time of exposure to single wavelengths which is specific for each organism,

beyond which only harmful effects will come about. Coupled pairs of wave-

lengths are therefore recommended (see Tab. XVIII) for long time growth

of algae in qualitatively limited illuminations.

Production of far-red absorbing pigmentation.

We found that the absorption spectra of Nitzschia closterium grown

in green light exhibited a shoulder absorbing at 708 am. Allen, et al

(3) found 710 nam absorption in several UV-induced mutants of Chlorella

pyMenoidosa and in illuminated Ochromonas danica (2). They found that

the absorption disappeared upon extraction and determined that any pheo-

phytin formation could not account for the degree of this absorption.

We confirm both ýf these observations, in the case of N1. closterium.

Later, J.S. Brown (9) found similar absorption in dark-stored 0. danica

and dark-aged Euglena gracilis and observed that it does reside in the

chloroplasts.

Figure 24 shovs the formation of 708 nam absorption with respect to

wavelength of green growth illumination in comparison to the lack of such

absorption in white-J13ht grown material. This far-red absorption can be

enhanced, to the detriment of other pigments, by repeated sub-culturing in

green light (Fig. 25). A difference spectra indicating the specific ab-

sorption of this pigmentation is also shown. If cells of N. closterium,

shoving this pigmentation, are placed in any wavelength of the vis,.i,

region other than green, the 708 m absorption totally disappears within a

few hours. This alga was unique, in this respect, among the algae studied

under conditions of the project.
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Figure 24: Far led Absorption in litsechia glosteriM as a Function of
the Wavelength of Growth Illination. *:,te Light is
Squivalent to Blue and Red Wavelonxths.
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Wavelength dependence of respiration.

That there is a wavelength dependence of respiration has been discussed

in the introduction. The present work allo'ts a direct comparison of the

degree of this dependence between algae (T les XVI and XVII). We have in-

vestigated this effect further with the coJbrless alga Astauia loooo by

running a light quality growth series vith this alga and comparing respira-
7q

tion rates with those of the other algae,!studied. In no case did we find

an influence of illumination wavelength. Earlier, however, we did show a

dependence of respiration rate with intensity of illumination (10). It

would appear that the presence of photoactive pigments or a photosynthetic

apparatus, or both, are necessary for the observed wavelength response of

respiration.

("I



Conclusions:

From this work we can recomend specific compositions of illIianatio 2

sources for continued growth and metabolim of seventeen diverse alga.;

such recmomendations are offered in Table XVIII.

At least one general observation can be mnde whioh opposes previous

views. This is, that and apparently Lhod ta instead of oz-

hibiting a broad physiological response to wavelengths of illumination

(relativlyindependent from wavelength) show greater limitation and hence

dependence than any other' group. Chlorophyll c containing algae, on the

other hand, exhibit the greatest Preedom from wavelength dependence. Could

this be a reason for the success and universal occurrence of diatoms?

Since it has been shown that significant enhancement of oxygen pro-

duction can be brought about by application of two different iavelergths

of light, the next logical step in boosting the biological output of alge

and arriving closer to realization of the full photosynthetic potential of

these organisms is to grow selected pigment varyiu• species iu light of

wavelengths maximally absorbed by each photoactive pigment present. Such

york should be combined with that of light duration (continuouL vs. inter-

mittent illumination). In continuous light, cells are forced into organic

materials production over and above their normal needs for cell synthesis.

This stockpiling may yell inhibit or alter the nomal cyclic processes and

lead to red.ced efficiency of energy utilization. Therefore, more efficiont

use of applied light energy should come about through reducing this stock-

piling by intermittent illumination.

It is obvious that in some cases, due to the severe cc-ditions of

ilusa~tion imposed on the algae in the current study, endogenous respira-

tion is greater than photosynthesis or net oxygen evolution. If this yore

direc*ly extrapolated to nature, such organisms could not survive. liovever,

- -



it is equally obvious Wbat they do survive ia nature. The conclusion can

be drawn that the native metabolism of aost, if not all& of the wild species

is a combination of both autotrophic and heterotrophic forms. Many dIf-

ferences betveen characteristics of wild and laboratory forms of any given

species may be due to forced autotrophism of the organism in tl, laboratory.
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Appendix A

Photomicrographs of typical forms of the algae studied accompanied

by descriptions of normal material and cells grown in monochromatic light.

Fig. 26: Amphidinium sp., X 2600. Page 69

Pig. 27: Botrydiopsis alpina, X 2600. Page 71

Fig. 28: Chlamydomonas reinharai, X 2600. Page 73

Fig. 29: Chlorella pyrenoidosa, X 2600 Page 75

Fig. 30: Chlorelia sorokiniana, (7-11-05), X 2600. Page 77

Fig. 31: Chlorococcum wimmeri, X 2600. Page 79

Fig. 32 Cryptomonas ovata, X 2600. Page 81

Fig. 33: Euglena gacilis, X 2600. Page 83

Fig. 34: Gloeocapsa alpicola, X 2600. Page 85

Fig. 35: Nitzschia closterium, X 2600. Page 87

Fig. 36: Ochromonas danica, X 2600. Page 89

Fig. 37: Phormidium luriduni, X 2600. Page 91

Fig. 38: Phormidium persicinum X 2600. Page 93

Fig. 39: P-rphyridium aerugineum, X 2600. Page 95

Fig. 40: Porphyridium cruentum, X 2600. Page 97

Fig. 41: Sphacelaria U_., X 500. Page 99

Fig. 42: Tribonema ae__ale, X 2600. Page 101

The photomicrographs were taken on a Zeiss Ultraphot II microscope

using the automatic exposure control and tungsten illumination. The

Sx 5 in. Tri-X sheet film used was process,:d with D-76 developer.
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h 2D
Brown oblong naked unicells with two unequal length flagella inrging

from a girdle or deep furrow. A single chramstophore contains chlorophyll

Sand peridinin as major photoactive pigments,

Growth illm: 13,500 ergs am2 see-

Time: 240 hours

Illuminat ion De, ,scription

405 nm normal golden brown appearance with good motility.

440 sme as with 405 nm

540 Brais-colored cells with excellent motility but smaller
than 405 or 440 nm cells.

560 Same as with 540 rm except cells slightly maller

620 Cells of normal color and size with excellent motility

630 Same as with 620 na

6o0 Pale but active cells smaller than normal

650 Pale, sluggish, mall cells

680 Same as 650 am but with excellent motility

White Average size cells with good color aud motility

/ 70 -



Figure 27: Botrydlovsls alplna, X 2600

--Wq!
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Botrydiopsis alpine

Bright yellow-green, spherical free-living unicells of variable size.
Cell wall thin in proportion to size. The one or more chloroplasts contain
only chlorophyll a as a major photoactive pigment. Soe "cells" may be
zoospores or aplanospores.

Growth illum: 11,000 ergo M"2 see 
!

Time: 184 hours

Illumination Description

405 UK Clumps of 3-12 average sized cells of good color with -5
percent ghost cells and a few large green cells with heavy
walls.

440 Clumps of 6-12 cells of average to large size of good color
with -10 percen+, ghost cells. Some cells appear "pregnant"
without signs of division internally.

540 Clumps of 2-10 cells of average size of sl. pale color with
0-20 percent ghosts. "Pregnant" cells noticed as in 440 am.

560 Clumps of 4-8 cells of better color than 540 am with. 5 per-
cent ghosts--othervise as 540 c,

620 Clumps of 1-6 cells of pale to good color and of variable size
with w15 percent ghosts. Soe large green cells vith heavy
walls or containing daughter cells.

610 More frequent clumps and larger then 620 in of better co) or,
otherwise as 620 ns.

650 Clumps of cells as 640 na of good color and of mall to medium
size with 10 percent ghosts and a few "pr6gnant" shaped.

680 As 650 = except -25 percent ghosts and some very large,
hea/-vaylled green cells.

710 Clumps of up to 12 cells of best color and overall appearance
and of variable size with very few ghosts but with a few
heavy-walled as in 680 na.

White Clumps of 6-12. cells of good color and of maller size than
normal with *ace ghosts. A few misshapen cells ncticed.
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Figure 28: Chlamydomonas reinhardi, X 2600
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Chleaydaonas rein ardi

Green, flattened spherical motile unicells vith tvo equal length flagella
arising from the anterior region of the cell. The single cup-shaped chloro-
plait contains chlorophylls a and b as the major photoactive pigment..

Grovth Illum: 12,750 ergs cm" 2 se-14

Time: 287 hours

a oDescription

405 SOC-l cells of pale to good coloring and with fair to
good motility. Some mall clwmpiL ncticeable.

440 Large cells of good coloring and motility grouped largely
in tetrads.

540 Small to medium size granalar cells colorless or pale in
color vith minimal motility. Clumps camon.

560 As 540 am with somevhat better pigmentation.

620 Medium size granular cells of pale to good color vitn poor
motility.

640 Medium size cells vith clear to granular appearance of
pale to good color with faii motility.

650 Medium si:'- cells less granular than 640 = viwia good

color and fair motility. Sose clumping present.

68o Sume as 650 um with nany cell doublets.

T1O Few liv!&' very small granular cells of good color but
negligible motility.

White Smali. to medium size somewhat granular celli with good
color and poor motility. Many tetrads of cells present.

- 74
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Figure 29: Chlorollg yr Rogidoa,, X 2600



Cblor@es MimenoidoSS

8aall, spherical, uaicells. Thc single cup-eheas.d chloroplast contains
chlorophyll* a and b as the major photoactive pigments.

Gr---th Ilum: 15,0(C ergs (a" 2 seel I
Time: 256 bours

Iunaion Descrt~io

405 m 3ome clumping of ma= l to average sized cells with good

c rlo.I

440 As 405 = except cell size ranges frm mall to large.

540 Increased clumping of variable sized irregular shaped
cells frco colorless to good coloration.

560 Cluping with sedium to large size cells of irregular
outline and good color.

620 Clumping with very mall cells of irr*gular outline and
good color.

640 Scoe c?.usping of mall cells with single cells being of
variable size and a few of irregular shape. Color is
good.

650 Minimal clumping with cells of mall to sedium size f-

good color but irregular shape.

680 As 650 im but with somewhat increased clumpir4g.

T1O Normal appearing cells but of a yellow-green color.

White Considerable clumpine of somewhat irregular shaped cells
of guod color.



Figure 30: Chlorella sorokiniana, (7-11-05), X 2600
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l~orella sorokiniana (7-11-05)

General description as of Chlorells pyrenoidosa, .

Growth lilum: 11,500 erge cm"2 seeo1

Time: 228 hours

Illumination Description

405 am Small to oversized cells of good color with clumping of
6-30 cells.

44o As 405 m with more clumping.

540 Small, uniform sized cells paler than 405 or 440 am with

occassional smill clumps of 3-4 cells.

560 Cells of variable size from mall to large of a col.or
between 044 and 540 with clumps of 2-10 cells.

620 Small to medium sized cells of light green color with
.eefnes". clumps of 3-4 cells.

640 Cells of larger size than 620 = of same color with
increased clumping and many> 10 cells.

650 As 640 mu with some irregular-shaped cells.

680 Medium to oversized cells of good color with clumping of
large numbers of cells.

T10 Mostly large cells of good color with singles and s=all
clumps of 2-10 cells.

White Small to average sized cells of goud color with occas-
sional wsall and large clumps.
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Figure 31: C horoeoccum wimri, X 2600
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Chlorococcum viameri

Lqwge green ovoidal unicells reaching 45 p. Both aplanospores and
zoospores can be sean in cultures. Large cup-shaped chloroplast contains
chloropbylls a and b as the major photoactive pigents.

Growth Illum: 14,250 ergs cm"2 sec"1

Time: 193 hours

Illunination Description

405 i Bright greeL cells of small to medium size with many in
strings and clumps of 5-15 cells.

440 Green cells of all sizes, soe with red centers and oc-
casional zoospores. Cells contain 1-2 large vacuoles.
Clumping more pronounced than 405 na but smaller clumps.

54o Very granular bright green cells of all size., some con-
taining red centers and usually with a large vacuole.
Small irregular clumps common.

560 Egg-shaped, granular, green cells of all sizes. Sone
mall clumps.

620 Granular, bright-green cells of all sizes. Virtually
no clumping, but sane in pairs or triplets.

6o0 Ghost cells and pale green to red cells of all sises with
moderate clumping.

650 Green and bright green cells of all sizes with occasional
red centers. Mostly single but a few mall clumps and
zoospores are prevalent.

680 Mostly small green to red cells with 10 percent ghost
cells, largely single but a few mall clumps. Same
zoospores noticed.

710 Green to bright green mostly mall but variable sized with
a few ghost cells. Prouounced and irregular clumping.

White Bright grten variable size cells vith occasional red centers
and 5 percent ghost cells. Scoe strings and irregular
clumping.
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Figure 32; Cryptomona. ovata, X 2600
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Cryptomonas ovata

Brown to olive to red-green oblong i'-tilo unicells with two equal
flagella inserted in a gullet. ChloroplauL;s contain chlorophylls a and
o and phycoerythrin as the major photoactit'. pigments.

Growth Illum: 13,000 erg an -2 sec -•

Time: 205 hours

Illumination Doscription

405 M C od cell appearance and color with an occasional green

c 11 < 1/3 motile and clumping.

440 Pale to good coloring with mall chloroplasts and apprca,
50 percent motility together with clumping,

540 Paler than 405 or 440 nm with poor motility and mall
clumps.

560 Fair color and motility with some mall clumping.

620 Pale, mall, non-motile cells with good structure and
majority in mall clumps,

630 As 620 as with a few single motile cells.

6o0 Pale cells with poor motility in large clumps of 20-30 cells.

650 Very pale cells with fair motility in large but loon clumps.

680 Cells of good color with best motility in occasional small
loose clumps.

White Small cells of good color with negligible motility and
some clumping.

2

- 92 -



Figure 33: Ruglena gacilis, X 2600
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Flexible, elongated free-swiuing (motile) green unicell with one
flagellum and an eye spot at the anterior end, Itmercus ( -10) discoid

chloroplast. contain chlorophylls a and b as the major photoactive pig-
ments.

-2 -

Growth Ilium: i000 #"go c see2 l
Time: 166 hours

Illumination Deseit aion

405 u Small cells of very good color and fair to good motility
with distin• chloroplasts.

4o0 Cells 50 percent larger than 4.05 m but paler with very
good motility and distinct chloroplasts.

540 Cells mostly rounded and other than fully extended, of
good color and with distinct chloroplasts but poor
motility.

560 Small cells but more fully extended than 54O m, of good
color sid with distinct chloroplasts and fair to good
motility.

620 Large elongated cells of pale to good color with good
motility and distinct chloroplasts,

6o0 Sl. smaller cells than 620 am with most soaewhat bulbous
and of good color but with motility less than 620 im and
less distinct chloroplasts.

650 Large cells with many rounded and pale to good color having
very good motility and distinct chloroplasts.

680 Largest elongated cells of good color with good motility
and clear and distinct chloroplasts.

710 Variable sized cells, pale, vith fair to good motility,
granular contents and rather indistinct .hloroplasts.

White Cell size between 405 and 440 na with many rounded, of
good but al. pale color having distinct chloropla.st but
sluggish to good motility.
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Figure 34: Gloeocapa alpicola, X 2600
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Gloeocapmsa pcla

Small, spherical, blue-green unicells containing chlorophyll a and phyco-
cyanin as the major photoactive pigments. Prominent sheath usually found.

Growth Illum: 15,000 ergs cm -2 sec"1
Time: 170 hours

Illumination, Description

405 M Large cells with sheaths and of good color occurriz% as
singles, dfablets, tetrads, and clumps,,

4I40 Small cells with large sheaths, of good culor occurring
as doublets, tetrads, and mall clumps.

540 Small to medium cells with sheaths and of good color
occurring largely as doublets with few tetrads or
clumps.

560 Cells and sheaths as 540 nm cells of good color and
mostly in tetrads with sate doublets and clumps.

620 Small cells of good color occurring as singles, doublets
and mall clumps.

630 Small to average sized cells of good color in doublets,
tetrads and mall clumps.

64o Average to large cells of good color as singles, doublets,

tetrads and mall clumps.

650 As 640 na with considerably more clumping.

680 As 650 na with fever single cells.

White Large cells of good color occurring as singles, doublets,
and tetrads with very few clumps.

8



Figure 35: Nitzs.chia clgo er urn. X 2600
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Nitzschia closterium

Elongate unicell with central chromatophores and containing two valves.
Chloroplast, j•ellow to ollvo green stretched diagonally across cell and into
each valve face, contains chlorophylls a and e, and ft-oxaathin as major photo-
active jigments.

Growth Ilbin: 12,750 erg. as2 sec"

Time; 210 hours

Illumination

405 m Large typical to irregular shaped cells yellow to olive
green in color with asynmetrical chloroploAst. Lar&e
clumps noticeable.

440 Cells as 405 na, golden to green in color with largi,
dittiact chloroplast, generally in large, loose clumps
(more so than 405 am).

540 Cells as 405 in, yellow green to green with large, dis-
tinct chloroplasts snd generally in tight clumps.

560 As 50 an with same baseball-bat-shaped cells in saller
cluaps.

?0 Some Int-shaped green cells with relatively large chloro-
plants and cl-amping.

630 Majority, typical shaped yellow green cells with larger
chloroplasts thia. 620 m and in very large clumps.

640 Some asyaeitricl cells, green with large chloroplasts

and climpi•g.

650 Green cells, some large and romd, in laage clumps.

683 As 640 n, quite green with maller chloroplasts and in
smaller clumps with ma*e single cells.

White Smaller, green cells vith variable-sized chloroplasts in
mall clumps vwth many single cells.



Figure 36: Ochromonas danica, X 2600
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0chromonas denica

Golden yellow-green motile unicells with two unequal length flagella.
Chloroplasts of irregular shape containing chlorophyll a and fucaanthin as
major photoactive pigments.

Growth Ilium: 15,000 ergo cm" 2 sec"1

Time: 164 hours

Illumination Description

405 La Variable sized cells with many atypically shaped hAving
bulbous tails, large vacuoles but distinct chloroplasts.
Some dead and same small and rounded. Good color with
40-60 percent motile,

440 Cells as 405 m with 50 percent having bulbous tails and
rare dead cells. Good color with distinct chloroplasts
and 75 percent motility.

5o0 Cells of uniform size vithout bu., 1cus tails but with large
vacuole. Colorless to pale with # 'ewv mall green chloro-
plasts and 80 to 90 percent motili.y,

560 Cells with bulbous tails and large vacuoles. Majority
colorless but with more greens than 540 m and small
chloroplasts, 80 percent motile. Colorless cells often
with side bul gee.

620 Variable sized cells with some very lprge, mostly of
typical shape with occ. misshapen and oulbous tails,
large -acuole. Color pale-green to green with 25-75
perctnt motile.

64o Variable size cells from very small to large with acme in
division, many granular with large vacuole. Color golden
with scme green cells, non-aotile or sluggish with occ.
clumps of granular cells.

650 Variable size cells with scme very large of generally
typical shape with occ. bulbous tails, many with large
vacuoles. Color fair with 25-75 percent motile.

680 Bulbous-tailed cells of variable but smaller sixe than 650
cm having less well discernable vacuoles with sone granular.
Color paler but more active than 650 rn.

710 Variable size and shaped cells frcu very unusual to typical
vith bulbous and otherwise shaped "tails", large vacuole.
Poor color with poorly discerned chloroplasts, sluggish
(-25 percent motile).

White Cells of typical shape with occ. bulbous tails and varip;2e
sized chloroplasts and vacuoles. Approx. 25 percent color-
lets cells with rest of good color and mostly motile.
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Figure 37: Phoruidiiim luidm X 2600
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Phormidium luridum

Blue-green filaments of cylindrical shape with gelantincus sheaths.
,ýells granular in appearance (no chloroplasts) and contain chlorophyll a

and phycocyanin as major photoactive pigments.

Growth Illum: 14,250 ergs cm2 sec"I
Time: 170 hours

Illumination Deidrivtion

405 ,u Short to medium length filaments of good color with
majority of apprm . 10 cells in length.

440 As 1405 za.

540 Long to medium length filaments (a few short) of good
color.

560 As 540 m with filaments scmevhat longer.

620 Short to long length filaments of good color with majority
medium to long.

6o0 Filaments overall jonmewhat better than 620 m; of good
color anl short to long with majority long.

650 Short to long filaments of good color with majority short
to medium and some very short.

680 Short to long filaments of paler color than others;
majority short to medium.

710 Short filaments of good color with a generally "fat"

appearance.

White Short to long filaments of good color.
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!'igure 38: Phoruidium Porgicinuu, X 2600

93



Red cylindrical filaments of granular appearance. Cells contain
chlorophyll a, phycoerythrin and trace movuts of phyoocyanin as mcior
photoactive pipents.

Growth Illum: 14,250 ergo c."2 sec"1

Time: ITO hours

Illumination Description

405 na Majority of filaments single and medium to long in
length, of pale to good color and in same small,
loose clumps.

044 As 405 in with somewhat more clumping.

540 Filaments very long with very good color and many in
loose clumps.

560 As 540 am except more single filaments.

620 Filaments short to long of good color and occ. in small

to large loose clumps.

630 As 620 nm except filaments longer.

6o0 Filaments medium to long with majority lorg, of good
color and better appearance than 620 and 630 rim samples;
some in mall tight clumps.

650 Filaments loose and medium to long in length, of good
color and only occ. clumps.

680 Filaments short to long, of good color with same loose
clumping.

White Filaments short to long, generally shorter than other
samples but of good color.
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Figure 39: Porphyridium eeruginetin, X 2600

95



Porphyridium aeruginsum

Blue-green spherical unicells with gelatinous sheath, Massive single
chloroplasti contains chlorophyll i, phycocyanin and a possible trace of
phycoerythrin as major photoactive pigments.

Growth IlIum: 15,550 ergs cm"2 sec"1

Time: 169 hours

Illumination Diescription

405 ar Many large single cells with mall cells in clumps
having large chloroplasts of blue-green to green-blue
color. Cells with average sheath.

440 Motlly single cells of average to larger size than 405
nm vith maller chloroplast of blue-green to quite green
in color and thicker sheath than 405 am.

540 Singles and clumps of cells larger tt~n 440 am of good
color (quite blue-green) with large chloroplast. Ex-
cellent appearing cells.

560 Single and small clumps (2,4,6) of cells of variable
size with chloroplasts as 440 ua of dreen-blue to green
color. Cells in clumps having heavy sheath.

620 Cells of irregular shape relatively uniform in size with
occasional large cell. All having large chloroplast of
good blue-green color. Considerable clumping from small
to large groups.

640 Cells of variable size, from small to large with large
chloroplast of pale to good color generally in small to
large clumps.

650 Mainly =all to large single cells with large chloroplast
of good to green-blue color and clumping.

680 Cells of irregular shape and variable in size as sing-es
or in clumps with large =Iloroplast of good color and heavy
sheaths.

710 Primarily single cells of large size with large chloroplast
of good blue-green color.

White Mainly solitary cells of average to large size with large
chloroplast of blue-green to green-bluc in color.
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FIgure 40: Porphyridium cruentmr, X 2600
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Porphyridium cruentum

Red spherical unicell with cells surrounded by a gelatinous sheath.
Single massive, stellate chloroplast contains phycocyanin, phycoerythrin
and chlorophyll a as major photos.tive pigments.

Growth Illum: 1i,500 ergs m -2 sec-1

Time: 174 hours

Illuminfition Description

405 m Average size cells solitary or in clumps of 2-4, some-
what granular with a few ghost cells. Cells of good

color with heavy sheaths.

i4h0 Average size ".rgely paired cells of good color.

5o0 Average size cells with crenated edges, solitary or in
pairs, of pale green to green color.

560 Average size cells with occasional large (2 x normal)
and tending to pair, of pale color with many colorless
cells present, heavy, sheath.

620 Average to el. small in size, some as singles with
majority in clumps of 2-5, of green color or green with
red centers.

630 Average size cells with increased clumping ( >620) in
2-4's of fair color with both green and red areas, heavy
sheaths.

6o0 Average to large size with increased clumping in groups
of 2-8, having color as 630 =; some with heavy sheaths.

650 Size as 640 am, somewhat granular with less clumping but
a few large clumps (-10 colls) and color as 640 as, a

few with heavy sheaths.

680 Cells variable in size from small to large, solitary or
in groups of 2-4 of good color with heavy sheaths.

White Cells of average size, paired or in small clumps, rarely
solitary, of good color.
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T!igure 41: 82bac larial Xr, 500



Sphacelaria .

Deep brown branched filements normally growing in colonial tufts. Fila-
ments usually more than one cell in width. Numerous mall chloroplasts con-
tain chlorophylls a and c and fucoxanthin as major photcactive pigments.

-2 -l
Growth Illum: 13,500 ergs o sac

Time: 278 hours

Illumination Description

405 in 15-30 celled branched filaments with 50 percent of the

cells full and of good color, the rest being empty.

440 As 405 s except only 25 percent of the cells are full
and of good color.

540 10-15 celled largely unbranched filaments with 75 per-

cent of the cells full but pale in color and many appear-
ing "plasmolyzed".

560 Generally better than 540 am. Longer filaments with wn-1l
branches with somewhat darker color anti fever "plamolyzed".

620 Long, typical looking branched filaments of pale to good
color and cell. either full or "plasmolyzed" appearing with
only a few empty.

640 Shorter filaments than 620 um with bulbous branching and
paler.

650 Short to long filaments with few bran. hen having granular
cells of pale color with 50 percent full and some .zpty.

68o Short, branched filaments of granular appearing cells of
pale to good color.

710 Short filaments with t-ilwos branching of very pale,
largely empty cells.

White Typical filaments having 75 percent filled cells of rair
color.

I0ot-



Figure 42: Trine , X 2600
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Tribonema aequale I
Unbranched yellow green filaments with uniform barrel-shaped cells whose

wall consists of two equal, slightly overlapping halves. Evidence of broken
cells are the appearance of cell wall "H" pieces. Variable number of elipsoid
chloroplasts contsia chlorophyll a and a trace of e as major photoactive pig-
ments.

-2 -1Growth Illum: 12,250 ergs cM sec
Time: 170 hours

Illumination Description

405 nm Medium to long (10-20 cells) filaments of good color with
3-8 large chloroplasts per cell. -420 percent broken, short
(2-4 cells), hollow filaments present.

44o 4edium to long filaments of good color with 3-5 large
chloroplasts per cell. -50 percent H-pieces and hollow
cells present.

54o Short to medium (-10 cells) filaments of pale green color
with 2-4 large amorphous appearing chloroplasts per cell.
- 80 percent broken, hollow cells and H-pieces present.

560 Short to medium (mostly short) filaments of pale green color
with 3-5 large chloroplasts per cell. 80-90 percent hollow
cells and H-pieces present.

620 Long to very long filaments (" 30 cella) of al. pale color
with -.4 large, distinct chloroplasts per cell. 25 percent
broken filaments and H-pieces, few hollow cells, some fila-
ments with "balled" contents.

64o Medium to very long filaments of good color with 4-6 large
chloroplasts per cell. 30-40 percent broken, hollow cells
and H-pieces present.

6co Long to very long filaments of good color with 4-6 large
chloroplasts per cell. 20 percent hollow cells and H-pieces
present vith some cells having "balled" contents.

680 Long to very long filaments of good color with 2-4 very large
chloroplasts per cell. 10 percent hollow cells and }{-pienes,
some cells with "balled" contents.

2.0 Short to medium (!U-15 cells) filaments of good color with
- large and di&tinct chloroplasts par cell. 30-40 per-

cent hollow cells and H-pieces present.

White Long filaments of good color with 3-5 large chloroplasts
per cell. 10 percent hollow cells and H-pieces present.
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Absorption spectra of whole algal cells grt..n in white light, Pertinent

data are indicated on each spectrum.

Fig. 43: ~3hidiflium D

Fig. 4~4: Botrydiopsis alpins,

Fig#* 45: ChlApydamonas reinhardi

Fig. 146: Chiorella pyenoidosaj

Fig. 47: Chiorella sorokiniana, (1-11-05)

Fig. 4'8: Chlorococcum imr

Fig. 49: Cryptomonas ovata

Fig. 50: Euglena gracilig

Fig. 51-- Gloeocwpa &lpicola

Fig. 52: Nitzschia clouterium

Fig. 53: Ochromonatw danica

Fig. 54: Phormidium luridum

Fig. 55: Phormidium persicInum

Fig. 56: Polhyidium, aerugineum

Fig. 57: Porphyidium cruentiam

Fig. 58: Sphacelariesp.

Fig. 59: Tribonema aequsle
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Appendix C

This section includes tables for preparation of culture media for growth

of the individual alage.

Preparation of soil extract.

1. Suspend average grade, clean topsoil in water at approx. lg./ml.

2. Autoclave 15 min. at 15 psi.

3. Allow to stand overnight.

4. Centrifuge for 15 miin. at approx. 2,000 x g.

5. Pour supernatant through a Millipore (or similar) pre-filter

(AP2504T700, glass fiber with starch binder, 0.035").

6. Autoclave for 15 min. at 15 psi.

7. Cold store until used.

Tab. XIX Ampl K-..nium sp.

Tab. XX Botrydiopsis a

Tab. XXI Chlamydomonas reinhardi

Tab. XXII Chlorella Faeno...disa

Tab. XXIII Chiorella sorokinig. (7-11-05)

Tab. XXIV Chlorococcum wimmeri

Tab. XXV Cryptomonas ovata

Tab. XXVI Euglena gracills

Tab. XXVII G).oeoca 1'a !liRoLa2.

Tab. XXVIIl Nitzschia closterium

Tab. XXIX Ochromonas danica

Tab. XXX Phormidium luridum

Tab. XXXI Phormidium persicinum

Tab. XXXII Porphyridium aerugineua

Tab. XXXIII Poj.vridium cruentum

Tab. XXXIV Sphucelaria sj.

Tab. XXXV Tribonum•a
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Table XIX

lios: Am;iaidinIaL.

Source: Culture Collection of Algae at Indiuna University (11002)

Isolator: Parke

Atmosphere: Air

Sample Density (il/ml): Abs. spec. 3, Ps & Res. 2

Culture Medium

Ingredients Grems/liter

NaNO3  .15

H6, 2PO4RH2 0 .01

Fe sequestrene .01

Ha2 SiO3 o9H2 0 .0O

Thiamin HCi .0002

Biotin 1 ug

B12 1 ug

Sea Water 1 liter

10% Tris 5 al (.5 grams)

CuSO04 0. 5 2 0 .0000196

ZnSO1 *.7H2 0 .0000o 4

CaCl 2 •6H20 .00002

MnC1 2 4H2 0 .00036

Na- oO-•2H2 0 .0000126

Soil Extract 40 ml
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Table XX

Name: Bitrydiopsis alpina vischer

Source: Culture Collection of Algae at Indiana University (#295)

Isolator: Vischer

Atomosphezt 5% CO2 in air

Sample density (41/ml): Abs. spec. 10, Ps. h Res. 5

Culture Medium

Ingredients Grams/Liter

N&NO 3  .25

CaCi20 2H 20 .025

lgSO .4 7H2 0 .075

K2 HP04  .075

H2POI4 .175

NaCl .025

H3 BO3  .oo6184

ZnSO34 ,7H 2 0 .001024

(KH-)yo O~f 0 .01236o
. 4 b'70240 2

CUS0
4  .000158

MnC1 2 -4H20 .00362

FeCI3 -6H 20 .00388
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Table XXI

Name: C reinhard• Daneard (+ s9r.)

Source: Culture Collection of Algae at Indiana University (189)

Isolator: G.M. Sith

Atmosphere: 5% CO2 in air

Sample density (Pl/ml): Abs. spec. 3, Ps & Res. 3

Culture Medium

Ingredients Grams/liter

Ca(NO 3) 2a 2 0 1.0

K2HP0, 0,2

MgSO49 .H 20 0.2

Na Citrate (25% H2 0) 0.375

FaSo. 20 o0.02

H3BO3  .003092

ZnS0•.7H2O .000512

CuSo04  .000079

MnCl2. 4H2 0 .00181
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Table XXII

Name: Chlorella PyrenoAdua Emerson' s utr.

Source: Robert EmersonjUniv. Illinois

Isolator: Emerson

Atmosphere: 5% CO in air
2

Sample density (i/ml): Abe. spec. 1, Pe & Res. 3

Culture Medium

Ingredients Grams/liter

KNO 3  2.5

KH2PO4 2.5

MgS0•7H 20

NaCl 2.0

H 3BO3 .003092

MnCl 2 .4H 2 0 .001810

ZnSO . 7H2 0 .000512

CuSO•5H 20 .000079

(NH ) 76Mo7 02 4 • 4H20 .000618

FeSO • 7H2 0 .002
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Table XUIII

SlINe: Morelia RrMuoga T-11-05 HI-Temxpw•ire twsln (C. .train)

Siource: C, Sorokin, Departmeat of Botsa, UnsePstty of Kd.

Isolator: C. SorokLn

Atmosphere: 5% in air

Sample density (0l/al): Abs. spec. Is Ps. - Res. 3

Culture M4edium

Ingredients a1ms/Liter

10103 1.25

KH2P04 1.25

gS9'04TH20 1.00

CaC1 2  0.0835

K3BO3  .00114&2

Fe804•TH2 0 .o000 98

Znwhj .000882

MnC12a*H 2 0 .oool4

moo 3  .0000o1

CuSO.45H2O .00015T

Co(NO3 )2 .6H20 .0000o 9

OTA (Na sait) .005
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Table XXIV

Name: Chlorococcum wimeri Rabenhorst

Source: Culture Collection of Algae at Indiana University (1113)

Isolator: Mainx

Atmosphere: 5% 002 in air

Sample denpity (Pl/al): Abe. spec. 4, Pe & Res. 4

Culture Medium N

Ingredients Grems/Liter

NaNO3  .25

CaCI 2 • 2H120 .025

MgSO•7H20 • .075

K2HP04 .075

NaCI .02?

EDTA (hfa Salt) .050

H3BO3  G0O11 4

Co°3(N°3)2' 6H2° 0.00098

CuSO 4  .00050

"&` 4 ""a&2" w.00062

(NIiH )6 M'(O)rO2 4.Hu2o .00258

ZnSO•4 .T1H 20 .00266

FeSO .TH2 0 .005
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_ Table XXV

Nm:e Cytcuonas oata var. palustris Priansheim

Source: Culture Collection of Algae at Xndlana University (1358)

Isolator: B.G. Pringshel"

Ataosphere: 1% 002 in air

Semple density (pl/al): Abs. epee. 12, Ps & Res. 5

Culture Koduim

IngWedients Grams/Liter

aNGo3  .25

CaClo2 2H20 .025

0gS. 4.71 2O .T5

K2H"04  .075

KH2P0•4  .1T5

laCl .025

Soil Extract 4o0 3.

1% FeCl 3  1 drop
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Table Xr

lame: Zublena graciio Kl1s'a "Z" strain

Source: Culture Collection of Algae at Indiana University (0369)

Isolator: B.G. Prlugsheim

Atmosphere: 5% 002 in air

Sample 4ensity (p/l31): Abs. spec. 4., Ps & •es 3

Culture Medium

Ingredients Grams/Liter

ETA (Na salt) .50

KH2 4P .30

MgS 4O7T12 0 .50

CACO 3  .06

(KH 02 SO4 1.0

Thiamine hydrochloride .0006

B12  .000005

Metal Mix '149" .130 g/l of belov
listed chemicals

Fe(NH4 )2 (So 4 )2.6H 2 0 .07

LnSO4' .7H 20 .022

MnS0 4 .H2 0 .031

CuSO 4 -5H2 0 .00D4

CoSO4 •TH 2 0 .002.

H3BO3  .00057

(1rH 4 )6mo7o2.i H H20 .00O72

Na 3VO 21.16m0 .2 oO46

Adjust 101 2 to 3.6-4.0 109 ý50
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Table IXVII

Name: Giml~anss a-U10ole (Iqa0.)

Source: Culture Collection of Algae st Indiana Uliversity (OBD59,

Isolator: Frenkol

Atmosphere: CO In air

f Sample Densitw (6i1/ul): Abs. spec. 3, Ps & Res. 2

Culture Medium

ingrolients Grams/Liter

KiO 3  1.0

Cat 2  .01

MgSO 4.7H2 0 .25

K2 HP04 .25

NaCI .10

FeSOS .7H2 0 .02

H BO .003092

znSO 4 .TH20 .000512

(1111 .4o .000618

CuS04 .000079

HnC1 .4H 0 .00181
2 2

4
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Table XXVIII

Name: N•tzschia clouterium (Ehr.) W. Smith

Source: Culture Collection of Algae at Indiana University (0640)

Isolator: Allen

Atmosphere: 1% CO in air
2

Sample density (vl/ml): Abs. spec. 7; Ps & Res. 7

Culture Medium

Ingredients Grams/Liter

Sea Water 1 liter

KNO3  .125

CaCl 2*2R 0 .02649

mso0 47H20 .05

K2HPOk i
K2 HC4 .10

HC1 (conc) .01 ml/i

FeCI 2 (melted) .01 ml/l
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Table XXIX

lame: Ochromonas danica

Source: 8.H. Hutner, Haskins Laboratory, Now YorL 17, Now York

Isolator: B.G. Pringshein

Atmosphere: Air

Sample density (i1/mi): Abs. spec. 3s Ps & Res. 3

Culture Medium (can be purchased prepared

fro General Biochemicals)

Ingrediente Grams/Liter

Nitrilotriacetic acid .2

KH PO .32 4
MgCO 3  .

MgSO •.H 0 1.0 ,
4i 2

C. .05

L-glutamic acid 10.0

Glucose 10.0

Thiamine HCU .001

Biotin .00001

L-arginine HC1 .4

Glycine .1

L-histidine HCI .4

Metal Mix .01 cf below mixed chemicals

Fe (NH4) 2 .(';04 ) 2 .6k 2 0 1.205

ZuSO4•7H20 1.V395

MnS04 .H2 0 0.0154

CuSO. 5H20 0.0031b

Co(NO03 )2 .6H 20 0.0495

H3BC o. o618

(fH4 )6 Mo2 O2 4 •4H 2 0 O.0619

N&VO3 . H2 0 0.00275
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Table XmX

Name: Phormidium luridum var. olivacea Boresch

Source: Culture Collection of Algae at Indiaza University (#1426)

Isolator: Boresch

Atmosphere: Air

Sample density (ol/ml): Abs. spec. 5. Ps & Res.5

Culture Medium

Ingredients Grams/Liter

KNO3  1.0

CaCl 2  ,01

MgS0 4o7H20 .25

K2 HPO 425

NACl .10

FeSOj .7H 2 0 c02

H3BO3 .003092

ZnS04.7H20 .000512

(NH) 64o 70 24.'4H 20 .000618

CuSO4  .000079

MnCl2. 4H20 .00181
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Table XXXI

Name: Phoruidium -ers alnum

Source: L. Provasoli, Haskins Laboratory, "iev York 17, Nov York

Isolator: L. Provasoli

Atmosphere: Air

Sample density (Pl/ml): Abs. Spec. 3, Ps & Res. 3

Culture Medium

Ingredients Graw/Liter

!DTA (Na salt) .2

NaCl 25.0

KCl .38

CaC 2  .294

M9S0 4 TE720 5.0

Na30 3  .1

dL-asparagine .2

K3 PO .05

Trio 1.0

FeCl 3 .6P.00 .001914

BM2 .000002

Cudi oo=0064

Col * 6H 0 .000008

322FeC 13 .•6H 2 0 .0000388

Citric acid .00012

S134 -

-- w1



Table •XII

lame: Porphyridium Merugineum, GeW.er

Source: Culture Collection of Algae and Protozoa at University of Cambridge

(11380/2)

Isolator: E.G. Pringsheim

Atmosphere: 5% CO2 in air

Sample density (ul/ml): Abe. spec. 8, Ps & Res. 5

Culture Medium

Ingredients Grams/Liter

NaNo .253

CaCl *2H 20 .025

MgS0 4 .7H2 0 .75

KH2 PO4 .175

NaC1 .075

Soil Extract 40 ml

1% FeCI 2  1 drop

K2HP04  .075

-135-



Table XXXIII

Name: Porhyridium cue t (Ag.) Naeg.

Source: Culture Collection of Algae at Indiana 1Vniversity (/161)

Isolator: Vischer

Atmosphere: 5% C02 in air

Sample density (/al): Abs. spec. 5, Ps & Reo. 4

Culture Medium

Ingredients Grams/Liter

KCl 16.03

Nel 12.61 -

KNO 3  1.24

K2HPO .50

MgSO 4-7H 20 2.49
CaN3)2 . H20.2Ca(NO 0 .25

KI A0997

H3 BO3  .003092

tnCl 2 .'4H2 0 .001810

ZnSO4 .7H 20 .000512

(N 4 )6bz=._7024 4;20o .000618

CuSO4  .0000798

K2Al(SO) 2H 0 .00094882 2 4 4 2

OBr .000099

Cd(NO3 )2 . 4H20 .0ooo542

Co( NO3 ) "6H2 0 .0001455

NiCi .2 6H .0001189

Cr(NIr"j) 3. "H 2 0 .000373

KS4 VO3  .000002

ami33 .2H 0 .000033

FeS04 o720 o0055602
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Table XXXIV j
Name: sipbace lair

Source: Culture Collection of Algae at Indiana University (00 800)

Isolator: Norris I
Atmosphere: Air

Sample density (ul/al): Abs. spec. 25, Ps & Res. 10

Culture Medium

Ingredients Grams/Liter

N1O .15
3

NaH 2PO4 .SH20 .01

Fe sequestrene .01

Na2 SiO3 •9H 2 0 .O4

Thiamine HC1 .0002

Biotin 1 Vig

B12  1 ig

Sea H20 1 liter

CuSO • 5H20 .0000196

ZnSO4• 07H20 .o0o0 44

CaC1 2 • 6H2 0 .00002

MnCI 2H 2 0 .00036

Na2 Mo0•4 2H2 0 .0000126

Trig 10% 5 ml
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TablemV K
Nmn: Tribonma seousle Pasoher

Source: Culture Collection of Algae At Indiana University (050)

Isolator: O.G. Pringshein

Atmosphere: 5% 00 in air2

Sample density (pl/ml): Abs. spec. 15, Ps A Res. 10

Calture Medim

Ingrediets Grams/Liter

KO3  1.0

CsCl 2  .01

MgSOj•4 TH2 0 .25

K2HPOj .25

NaCl .10

FeSO V TH20 .02

Trace Elments

H3Bo3  .003092

ZnSo0•7H2 0o .000512

(1) 6MOT021*. KH2 0 .000618

CuS0j .0000T9

MKC1 .24 20 .00181
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Appendix D)

This section includes tables of al1 rates of photosynthesis measured,

uncorrected for respiration.

Tab. XXXVI Ashiinum1.

Tab, XXXVII Boryioss alpina

Tab, XXXVIII Chlnydomonas reinhardi

Tab. XXXIX Chiorella pyrnoioss

Tab. XL Chiorella sorokiniana (7-11-05)

Tab. XLI Chiorococcum vimmeri

Tab. XLII Cryptomonas ovata

Tab. XLIII Euglena gracilis

U&b. XLIV Gloeoeapsa aipicola

Tab. XLV Nitzschia cloaterium

Tab. XLVI Ochromonas danica

Tab. XLVII Phormidium lu-.idum

Tab. XIVIII Phormidium Eriiu

Tab. XLIX opriimaugnm

Tab. L Porphyridium cruentum

Tab, LI Sghacelaria !Z

Tab. LII Tribonema aeguale
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Appendix E

This section includes "contour" plots of photosynthesis and respiration

* capacities of 17 algal species following growth and measurements in mono-

* chromatic and white illuminations. The maps were created and supplied by

the U.S. Army Natick Laboratories (Mr. Robert Matthern). Plots for Chlorella

sorokiniana and Nitzschia closterium are absent due to initial inclusion of

data in the current report.

Figs. 60 & 61: Amphidinium 1p.

Fige. 62 & 63: Botrydiopsis alpina

Figs. 64 & 65: Chlamydcmonas reinhardi

Figs. 66 & 67: Thiori .& ,__ renoiaoss

-igs, 68 & 69: Chlorella sorokiniana (7-11-05)

Figs. TO & 71: Chlorococcum wimmerl

Figs. T2 & 73: Cryptomonas ovata

Figs. 74 & 75: Euglena gracilis

Figs, 76 & 77: Gloeo sa alpicola

Figs. 78 & 79: Nitzschia closterijm

Figs. 80 & 81: Ochromonas danica

Figs. 82 & 83: Phormidium luridum

Figs. 84 & 85: Phormidium Lersicinum

Pigs. 86 & 87: Porphyridium aerugineum

Figs. 88 & 89: Porphyridium cruentum

Figs. 90 & 91: Sphacelaria s

Figs. 92 & 93: Tribonema aequale
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Fig. 60. Photosynthesis
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_____________ - Fig. -61 Respiration________
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___ ~Fig.62 Photosynthesis - __ _ _
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Fig. 63 Respiration
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_______ - ~Fig. 64 Phot -syflthte. ______
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Fig. 65 Respiration
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Fig. 66 Photosynthesis
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Fig. 67 Respiration
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Fig. 68 Photosynthesis
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Fig. S9 Rsplration
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Fig. 70 Photosynthesis
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Fig. 71 Respiration -
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Fig. 72 Photosyptheeis
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Fig. 73 Respiration
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Fig. 7AV Photc~synthesis
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Fig. 75 Respiration
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Fig. 76 Photosynthesis. ____ __
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__________ Fig. 77 Respiration
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Fig. 78 Pbotosynthesis
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IFIS. 79 Respiration
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Fig, 80 Photosynthesia
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Fig. 81 Respiration
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Fig. 82 Photosynthesis _________
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_____ Fig. 83 Respiration
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Fig. 84_Photosynthesis .. ..

PHORNID/uIM PERI?5C/NL'Pm"1l • /ho ur/mi packed cell.

WHITE' t"o ~ ~ .

740,
4 .O. 2 0 ,

720.rzo

700.I

'4 ,

tm.. --O4q4 +501 -
24 $

4.00

-4,0-

2..0-

"+So0l 420

"N 0 ,o-40-') "

- -01 -130
CMa JO 4o $4 0 &W CMD WV0 r72 X 7.-

1 uee s Of 4 Amodlced (07/)ChiowTH ILLUMINATION Qo- 2o 0Q4.0- SO

""p0 20-ao 05.0-6.0

-182-0 Q.0-4.0 060 -7.0



Fig. 85 Respiration
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_ _ _ ig. 86 Photosynthesis
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_______Fig. 87" Respiration
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Fig. 88 Photosynthesis
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Fig. 89 Respiration
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Fig. 90 Photosynthesis
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_______Fig. 91 Respiration
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Fig. 92 Photosynthesis
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Fig. 93 Respirati( nl
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